Introduction
Trichosanthin (TCS) is a type I ribosome-inactivating protein (RIP) extracted from the root tuber of Trichosanthes kirilowii [1] . It consists of only a single polypeptide chain, which depurinates A-4324 of mammalian 28S rRNA via an N-glycosidase domain, and thus arrests protein synthesis [2] . The protein has multiple functions, including abortifacient, anti-tumor, anti-human immunodeficiency virus (HIV), anti-HSV, and immunoregulatory effects [3] . In the late 1980s, the anti-viral effects of TCS against HIV-1 were described [4, 5] . Phase I and II clinical trials were conducted in the USA to evaluate the safety and potential efficacy of this drug. It was shown that TCS elicits a moderate increase in circulating CD4
þ T cells and a significant decrease of virus load in acquired immunodeficiency syndrome (AIDS) patients failing treatment with antiretroviral agents such as azidothymidine [6 -9] . In addition to TCS, many other RIPs, including Momordica anti-HIV protein, pokeweed anti-viral protein, and Gelonium anti-HIV protein (GAP31), have been reported to inhibit HIV-1 replication in vitro [10] . It was initially thought that TCS inhibits HIV by halting protein translation through RIP activity [11] . However, several mutants with low anti-HIV activity retained their ribosome-inactivating activity [12] . Furthermore, small amounts of TCS specifically inhibit HIV without obvious ribosome inhibiting effects, whereas large amounts induce apoptosis in HIV-1-infected cells [13] . TCS inhibits HIV-1 integrase [14, 15] , and cleaves supercoiled DNA in vitro [16] . It is also associated with and stimulates the activation of chemokine receptors [17] .
TCS is a membrane-permeate peptide that is believed to act within the cell and need cross the membrane barrier [3] . TCS interacts with and inserts into artificial phospholipids membrane [18, 19] . It induces membrane fusion of liposome [20] . It was also reported that TCS hijacks the cell-derived exosomes for intercellular transport [21] . In our previous report, TCS was shown to recognize HIV-1 with the help of lipid rafts [22] . However, the detailed interaction was elusive. Here, we further studied the physical relationship between TCS and HIV-1, showing that TCS penetrated into viral particles. The penetration had no obvious effect on viral integrity. We also identified important sites for the penetration and revealed that the penetration may be important for virus elimination.
ImmunoResearch (West Grove, USA). The plasmids of Rev-independent Gag were a kind gift from Marilyn D. Resh (Memorial Sloan-Kettering Cancer Center, New York, USA) [23] .
Cell culture and transfection K562 and MT4 cells were maintained in RPMI 1640 (Gibco-BRL, Gaithersburg, USA) supplemented with 10% fetal bovine serum. TZM-bl cells were maintained in DMEM (Gibco-BRL) with 10% fetal bovine serum. Cells were grown to 2 Â 10 7 cells/ml, resuspended in 10 mM HEPES-NaOH-buffered PBS, mixed with 20 mg plasmids, and further electroporated by BTX ECM 630 electro cell manipulator (Holliston, USA) at 300 V for 20 ms pulse length.
Protein purification and labeling TCS was extracted from the root tubers of T. kirilowii as described previously [18] . The root tuber obtained from a local drugstore was homogenized with 50 mM Tris -HCl buffer at pH 6.8 (buffer A) using a high-speed blender. The homogenate was centrifuged at 12,000 g for 30 min to remove insoluble material. Then the protein fraction between 40% and 75% ammonium sulfate was collected, precipitated, and dialyzed overnight. The resulting solution was applied to a CM-Sepharose C-50 column (Amersham Biosciences, Buckinghamshire, UK), washed with buffer A, and then eluted with buffer A containing 0.3 M NaCl. The elution peak was collected and loaded onto the second column of Sephadex G-75 (Amersham Biosciences). TCS appeared in the second elution peak. Purity determination of TCS showed a single band of 27 kDa by SDS-PAGE. Fluorescein isothiocyanate (FITC)-labeled TCS was prepared as described [22] .
TCS WT and constructed TCS FYY140 -142ASS , TCS Y55S , TCS K174A , TCS D176A , TCS K177A were expressed in pGEX-6p-1 plasmids. These proteins were purified by GST Bind Resin according to the manufacturer's protocol (Novagen, Gibbstown, USA). GST tag was removed by PreScission protease (GE Healthcare, Wisconsin, USA).
Preparation of virus-like particles and HIV-1 particles Virus-like particles (VLPs) were isolated as described previously with some modifications [23] . Briefly, K562 cells were incubated with 0.1 mM TCS at 24 h post-transfection of HIV-1 Gag. After next 12 h, the culture medium was collected, clarified continuously at 1000 g for 20 min, then 10,000 g for 30 min to remove cell debris, and further filtered through a 0.22-mM filter (Millipore, Billerica, USA). The filtrate was subjected to ultrafiltration process by 100-kDa MWCO AmiconUltra (Millipore) and washed by extensive PBS to remove free proteins. They were then layered onto the top of a 20% (w/v) sucrose cushion in PBS and centrifuged for 2 h at 145,000 g (P40ST rotor; Hitachi, Tokyo, Japan). VLPs were recovered from the bottom of the tube. For preparation of HIV-1 particles, MT4 cells (5 Â 10 4 cells/ml) were infected with HIV-1 IIIB stock at a multiplicity of infection (MOI) of 0.015. After 3 days, 0.1 mM of TCS was incubated for 24 h. Then the medium was collected and the TCS-enriched viruses were purified as VLPs did. The quantity of virus was determined by HIV-1 p24 antigen ELISA kit (Vironostika, Boxtel, The Netherlands) according to the manufacturer's protocol.
Sucrose density gradient centrifugation
After VLPs and TCS-enriched VLPs were filtered through a 20%-sucrose cushion, they were resuspended in 200 ml PBS and centrifuged at 200,000 g for 16 h in 20-60% linear sucrose equilibrium gradient as described to monitor the viral integrity [24] .
Protease protection experiment VLPs (10 ml) were incubated with trypsin protease at 0, 1, 3, or 10 mg in the presence or absence of 0.1% Triton X-100 for 0.5 h at 378C. The digestion was stopped by 1Â protease inhibitor cocktail (Calbiochem, San Diego, USA) and analyzed by western blotting. For subtilisin treatment, VLPs or microvesicles were gently resuspended in TE buffer (20 mM Tris-HCl, pH 8.0, and 2 mM EDTA) [25] . Subtilisin (1 mg/ml) (Fluka, Milwaukee, USA) was used to treat the samples at 378C for 16 h. The digestion was stopped by 5 mg/ml phenylmethylsulphonyl fluoride (PMSF; Amresco, Solon, USA), and then pelleted by an ultracentrifugation of 120,000 g for 2 h. The pellets were analyzed by SDS-PAGE and western blotting.
Monolayer study
Monolayer surface pressure was measured using the Wilhelmy plate method with a NIMA 9000 microbalance. Surface pressure (p) was defined as the surface tension difference before and after depositing the monolayer on the solution surface. The sample trough had a volume of 4 ml and a surface area of 10 cm 2 . The sub-phase was stirred continuously with a magnetic bar. In the experiment, mixed phospholipids (PC:PE:cholesterol:sphingomyelin ¼ 0.7:0.7:2.2:1, in molar ratio, plus 1% ganglioside in weight%) were dissolved in chloroform-methanol mixture (3:1; v/v) at a concentration of 1.0 mg/ml and coated onto the buffer surface to form a lipid monolayer. After stabilization of the surface pressure at a designated value, which was considered as initial surface pressure ( p i ), the solution of wild-type and mutant TCS in PBS at 0.2 mM was injected into the sub-phase through a side sample hole. The pressure change was monitored until the surface pressure increase (Dp) had reached a maximum value (usually within 2 h). All the experiments were carried out under N 2 to prevent oxidation of the samples. The temperature of the system was maintained at 25 + 0.28C. Dp can be obtained at various p i values for each sample. The plot of Dp versus p i then yields a straight line with negative slope intersecting the abscissa at a limiting surface pressure. The limiting surface pressure, defined as critical insertion pressure ( p c ) of the protein sample for corresponding lipid monolayer, was used for quantitative evaluation of the insertion ability of the protein in the phospholipids monolayer.
Bioassays for anti-HIV-1 activity HIV-1 infectivity was measured by the multinuclearactivation galactosidase indicator (MAGI) assay [26] . In the MAGI assay, 10 5 cells/ml of TZM-bl cells were infected by equal amounts of HIV-1 or TCS-enriched HIV-1 (normalized for p24, MOI of TCS-free virus was 0.02). Two days post-infection, cells were fixed with 1% formaldehyde and 0.2% glutaraldehyde in PBS. After extensive wash with PBS, cells were stained with a solution of 4 mM potassium ferrocyanide, 4 mM potassium ferrocyanide, 2 mM MgCl 2 , and 0.4 mg/ml X-gal. The number of blue cells is measured as viral infectivity.
Results

TCS penetrates into viral particles
For studies of physical relationship between TCS and viral particles, we used plasmids expressing the Revindependent HIV-1 Gag scaffold protein, which is sufficient to produce VLPs. It faithfully mimics the viral budding process and possesses viral envelope [27] . When cells expressing the HIV-1 Gag were incubated with TCS, the produced TCS-enriched VLPs were collected [ Fig. 1(A) ] [22] . In order to examine whether TCS penetrates into viral particles, the purified TCS-enriched VLPs were subjected to protease protection experiments. Trypsin alone did not degrade the TCS that was carried by VLPs [ Fig. 1(A) ]. Increasing concentrations of trypsin protease were also unable to remove all the TCS in VLPs unless the treatment with 0.1% Triton X-100 to permeate the membrane. As a control, the free TCS was completely digested by trypsin [ Fig. 1(B)] .
Microvesicles as the possible contaminants are usually co-purified with VLPs. It is possible that the cell-derived microvesicles protect TCS from trypsin digestion [21] . Subtilisin degradation method was used to remove proteins on the exterior of virions and eliminated nearly all of contaminating microvesicles in virion samples [ Fig. 1(C) ] [25] . When exposed to subtilisin alone, only a small portion of TCS and Gag was digested. After treated with Triton X-100 to permeate the membrane, TCS and Gag were completely removed [ Fig. 1(D) ]. The digestion experiments by two different proteases indicate that at least some of the TCS molecules are penetrating deep into VLPs.
In addition to VLPs, we further examined the distribution of TCS molecules in individual bona fide HIV-1 virions. Viruses are normally produced in the TCS-treated cells [ Fig. 2(A) ]. Immuno-labeling results revealed that most of TCS resided at or near viral membrane, and still some localized deep into the viral lumen [ Fig. 2(B,C) , arrows]. Thus, TCS is able to penetrate viral envelope and reach the viral lumen. Figure 1 Virion-carried TCS is protected from trypsin and subtilisin digestion (A) FITC-TCS-enriched VLPs (Gag-CFP) were purified and treated by 0.2 mg/ml trypsin for 0.5 h at 378C alone or with 0.1% Triton X-100. The treated VLPs were loaded onto coverslips and observed by Nikon E800 microscope with fluorescent attachment. Scale bar ¼ 10 mm. (B) TCS-enriched VLPs (10 ml) were treated with various amounts of trypsin in the absence or presence of 0.1% Triton X-100 for 0.5 h at 378C. Free TCS (2 ng) was also subjected to trypsinization as a control. (C) SDS-PAGE and western blotting (WB) analysis of subtilisin-treated microvesicles. The microvesicles were collected from a large volume of culture medium of TCS-treated K562 cells by 120,000 g ultracentrifugation. Lanes containing non-subtilisin-treated and subtilisin-treated samples were denoted by minus and plus signs, respectively. (D) TCS-enriched VLPs were treated with 1 mg/ml subtilisin in the absence or presence of 0.1% Triton X-100 for 16 h at 378C. The treated samples were analyzed via western blotting by antibodies for Pr55
Gag , actin, and TCS. TCS, trichosanthin, Tryp, trypsin; Trit, Triton X-100; Subt, subtilisin.
TCS penetration exerts no obvious effect on viral integrity TCS has a strong tendency to associate with and penetrate viral envelope. Such an anti-viral peptide might destabilize the viral membrane and disrupt the viral particles. We used a virus sedimentation assay to determine the impact of TCS on structural integrity of viral particles as described [24] . The buoyant densities of VLPs were compared on a 20-60% sucrose density gradient centrifugation. As shown in Fig. 3 , TCS-treated and those untreated VLPs sedimented in almost the same density fractions, suggestive of no destabilization effect of TCS. Moreover, in bona fide HIV-1, most of TCS-treated virions were in round normal appearance, and held an intact dark core [ Fig. 2(A) ]. Together with the above results that TCS-enriched VLPs were largely resistant to protease digestion, these data support that the penetration of TCS seems fail to destabilize the viral envelope and lead to rare aberrant virions.
FYY140 -142, D176, and K177 are important for TCS penetrating into VLPs
Since helical hairpin was reported to be critical for membrane translocation of toxins [28] , we mutated several amino acids at the loop linker between surface a helixes.
Monolayer experiment was carried out to study the insertion ability of TCS into phospholipids [ Fig. 4(A) ]. Since Demel et al. [29] established that agents known for interacting only with the phospholipids headgroup did not induce a surface-pressure increase in a monolayer, the surface-pressure increases of lipid monolayers after injection of proteins into the sub-phase are only interpreted as the result of actual insertion of the proteins into the phospholipids monolayer. Compared with TCS WT , the TCS FYY140 -142ASS , TCS D176A , and TCS K177A mutants had much lowered critical insertion pressure, indicative of the reduced membrane-insertion ability [ Fig. 4 (B) and Table 1 ]. We further tested the penetration defects mutants by trypsin digestion. As in Fig. 4 (C,D), these mutants had almost the same association ability with VLPs, whereas much lowered penetration capacity, for more peptides could be degraded by the protease. These results indicate that FYY140-142, D176, and K177 are important amino acids for the membrane translocation of TCS into VLPs.
The penetration of TCS may be important for its anti-viral activity TCS in virions may invade infected cytosol upon viral infection. We thus examined the anti-viral activity of TCS in virion by MAGI assay [26] . Equal amounts of HIV-1 were used for infecting fresh TZM-bl cells. The virioncarried TCS showed highly inhibitory effect on HIV-1 replication when compared with free TCS (Fig. 5 ) [22] . As TCS FYY140 -142 lost much of the membrane-permeate ability into virions, we then evaluated the anti-viral activity of virions-carried TCS . It was shown that TCS FYY140 -142 exerts significantly less effect than TCS WT (Fig. 5) . As the mutant has the same association but reduced penetration ability, we deduce that the penetrated TCS molecules may be important for the anti-viral activity.
Discussion
TCS is an anti-viral peptide that was clinically applied in AIDS therapy [6 -9] . We studied the physical relationship between TCS and HIV-1 and described the membrane translocation of TCS into HIV-1 virions. Different from ricin toxin that crosses cell membrane through Sec61 protein pore in ER, TCS itself displays direct membrane Figure 2 Immuno-electron microscopy analysis of TCS-incubated HIV-1 (A) MT4 cells producing nascent HIV-1 virions were incubated with 0.1 mM TCS for 2 h and then processed for electron microscopy.
(B,C) TCS localization in individual HIV-1 particles was detected by immuno-electron microscopy. HIV-1 p24 (12-nm gold) and TCS (6-nm gold, arrow) are double labeled. Scale bar ¼100 nm. Figure 3 The examination of viral integrity by buoyant sucrose density TCS-enriched or control VLPs were layered onto 20-60% linear sucrose gradient accelerated to equilibrium (16 h at 200,000 g) to monitor particle density. Twelve fractions were collected from the top to the bottom and sequentially analyzed via western blotting by antibody for Pr55 Gag to examine the integrity of VLPs.
penetration ability [3, 18, 30] . TCS preferentially penetrates at the lipid raft membranes [21] , and meanwhile HIV-1 envelope is highly rich in raft regions [31] . Thus, it is conceivable that TCS preferentially penetrates the viral membrane. TCS does not directly disrupt viral particles; on the contrary, TCS in virions may invade infected cytosol to inhibit the viral integration process upon viral infection [15] . The trans-membrane mechanism of TCS is largely elusive. Although previous studies reported several TCS mutants, only the one with seven residues at its C-terminus deleted was shown reduced membrane insertion ability [11, 12, 20] . The C-terminal deletion mutant also exerted reduced virus-inhibitory activity [12] . It is the first time to identify point mutants that lack membrane penetration ability. The charged amino acids as D176 and K177 are located at the long hairpin loop that extended away from TCS, which may be important for TCS to interact with lipid membrane. The mutation of FYY140-142 to ASS that get rid of only the hydrophobic phenyl group hints the tip of hydrophobic amino acids may be used for insertion into hydrophobic membrane environment. On viral infection, the so-called 'Trojan exosome hypothesis' was proposed, in which the preexisting nonviral exosome biogenesis pathway is used by retrovirus to form infectious particles [32] . Exosomes are secreted organelles that have the same topology as the cell and bud outward from endosomal membranes. HIV-1 particles and exosomes exhibit many morphological and biochemical similarities, in that both bud from specific areas rich in lipid raft and mediate proteins for intercellular transport [33, 34] . Therefore, it is reasonable to assume that TCS is able to penetrate into both HIV-1 and exosomes. Our recent publication supports this notion [21] . TCS is unique in that it shows both anti-tumor and anti-HIV effects, although previous investigations were unable to explain the phenomenon. Because exosomes are actively released by many tumors [35] , TCS may hijack tumor cells by way of tumor-derived exosomes [21] . In this study, the penetration of TCS into HIV-1 may contribute to its virus-inhibitory activity. Although the exact intracellular targets may differ, those two pathways are very similar in nature.
Although we elucidated powerful anti-viral activity of the TCS within virions, free TCS is certainly able to inhibit HIV-1 replication. However, the anti-viral effect of only trace amount of free TCS is not so prominent. Under our conditions, only about 3 ng-free TCS was applied to 10 5 MT4 cells. On the contrary, the same amount of trace TCS in virus-carrying state significantly reduced the HIV-1 infectivity.
In summary, the study provides evidence that the antiviral peptide of TCS penetrates into HIV-1 particles and the penetration may be important for its anti-viral activity. The penetration behavior of TCS into virions may provide implications for design protein-based drug for AIDS therapy.
